Figure 1: Multiple LEDs are routed automatically to balance brightness. A group of 32 LEDs are placed to form text "SCF". LightTrace provides balance in brightness to all the LEDs in the design, whereas for the outcome obtained using the autorouter in Eagle, some LEDs shine notably brighter than others.
ABSTRACT
The combination of graphic design and printable electronic circuits has brought a large variety of customized elements to create interactive applications. The designers aim to focus on the creative and aesthetic aspects when crafting such applications. However, current technology forces designers to consider the discouraging and complicated electrical behavior of the related circuits. Even a simple application as activating a group of LEDs by means of conductive ink presents speci c challenges. For instance, given the relatively high resistance of conductive ink, it is di cult to generate a circuit pattern that evenly lights up the LEDs. Moreover, wiring a large number of LEDs is error-prone and not straightforward. Electronic-circuit designers often use built-in auto-routers from Computer Aided Design tools to route electronic circuit boards. However, these auto-routers usually neglect the resistance of the metallic pattern. This is not applicable in the case of conductive ink where its intrinsic resistance is not negligible. Nonetheless, this characteristic of the conductive ink can be used to eliminate the need for ballast resistors which are used to regulate the current through each LED when they are wired by highly conductive materials (e.g., copper in PCB or highly conductive ink). Our proposal, called LightTrace, is an LED auto-router implemented as an Adobe Illustrator extension. LightTrace computationally designs conductive patterns and adjusts their resistance to connect and evenly light up the LEDs in a single-layer sheet of paper without requiring additional resistors. We use the Traveling Salesman Problem Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for pro t or commercial advantage and that copies bear this notice and the full citation on the rst page. Copyrights for third-party components of this work must be honored. For all other uses, contact the owner/author(s). SCF '17, Cambridge, MA, USA
INTRODUCTION
The introduction of sintering-free conductive ink [Kawahara et al. 2013] has attracted a lot of interest from groups of researchers, hobbyists, and designers. In addition, the fact that silver nanoparticle ink is low-cost and readily available on the market has made the fabrication of exible electronic circuits accessible and simple. Used by hobbyists, artists, or even children, the conductive pen [AgIC 2017; BareConductive 2017; ElectronInks 2017] has become a convenient tool for freehand drawing of electronic circuits. Moreover, the conductive pen has been adopted to build electronic applications for educational purposes and paper art, or quick-x simple electronic circuits.
Besides, the conductive ink can be used in inkjet printers to print high-resolution conductive patterns in a very short time. Conductive inkjet printing has been widely used by researchers in [Qi 2012 ] ©Jie Qi rapid prototyping of HCI-related applications such as the Extension Sticker [Kato and Miyashita 2014] , the Inkantatory paper [Tsujii et al. 2014] , touch interfaces [Gong et al. 2014; Karatas and Gruteser 2015] or embedded in 3D printing processes to fabricate electrically functional 3D printed objects [Swensen et al. 2015; Wasserfall et al. 2016] . In addition, conductive inkjet ink is used by designers to create interactive lighting applications with LEDs [AgIC 2015] . However, when the number of LEDs increases, wiring them becomes complex. Furthermore, the non-negligible resistance of the conductive-inkjet printed patterns causes an uneven lighting up of the LEDs (Fig. 1b) .
In the work "Pu Gong Ying Tu (Dandelion Painting)" [Qi 2012] (Fig. 2) , many LEDs were placed behind a painting to create interactive electronic art. This work was manually designed using LEDs and copper tape. Fig. 2b shows the complicated electronic circuit based on copper tape that is behind the picture. Instead of manually wiring, a printable digital design using conductive ink will obviously simplify the replication of this work. However, we can suppose that the author of this work would not have done it using conductive ink because it is di cult to achieve a cross-less wiring pattern. In addition, the resistance of this ink and pastes are higher than that of copper, hence it should be thoroughly considered in the design stage.
On the other hand, although the cost of printing with silver nanoparticle ink is relatively low, it is still bene cial to reduce the amount of conductive ink consumed, which helps to lower the running costs of conductive inkjet printing systems in the long run. Moreover, reducing ink consumption leads to a smaller printing area as well as shorter printing time.
We propose LightTrace -an auto-router that is integrated into Adobe Illustrator [Adobe 2017 ] as an extension to help users design LED-based applications with conductive ink. We chose Adobe Illustrator because this tool is widely used by designers to create applications with conductive ink. Our contributions are summarized as follows:
• The auto-router is based on the Traveling Salesman Problem (TSP). Thus, it nds the shortest cross-less pattern to evenly light up multiple LEDs in a single-layer sheet of paper, hence minimizing conductive ink consumption. In addition, the obtained design does not require ballast resistors.
• A fully automated tool to design LED-based applications with conductive ink. It allows the user to drag and drop LEDs and a power source and then the auto-router appropriately wires all the LEDs.
RELATED WORKS 2.1 Classical Electronic Circuit Routing Algorithms
Routing electronic circuits is one of the most well studied elds in Computer Aided Design (CAD) systems. In order to handle increasingly complex electronic circuit designs, auto-routers must be continuously improved. There are many e cient algorithms to route high-density circuits that can be roughly categorized into two groups as follows:
2.1.1 Grid-based. This approach assumes that all the components' terminals are aligned to a prede ned grid and routing traces are also placed on this grid. The goals are to route electronic nets and usually to minimize the total length of the routing traces. The width of the wiring pattern is usually xed before routing. Algorithms in this category include maze routers [Hadlock 1977; Lee 1961] , algorithms based on line search [Hightower 1969; Mikami and Tabuchi 1968] , and algorithms based on building the Steiner tree of a weighted graph [Abboud et al. 2007 ].
2.1.2 Gridless. Di erent to grid-based approaches, gridless routing algorithms [Finch et al. 1985; Lauther 1980; Schiele et al. 1990] do not rely on the alignment of the components' terminals on any grid. Electronic components can be freely placed on the routing oor. In addition, the routing traces are not restricted to a speci c width or angle. Moreover, it is possible to dynamically change the routing width to meet routing requirements.
These types of routing algorithm are implemented in CAD or Electronic Design Automation tools (e.g., Eagle [Autodesk 2017]) , which are commonly used by electronic circuit experts to design circuits and auto-route components. However, most of the autorouters assume that the resistance of metal patterns used to wire electronic components is negligible. In fact, the dimension of metal patterns is not considered as long as the electronic scheme is routable. In contrast, dimension plays an important role when routing using conductive ink as it a ects the printed pattern resistance, which is nonnegligible.
Regarding LED-based applications, routing with traditional autorouters results in uneven lighting up of LEDs as shown in Fig. 1b and Fig. 11b 
Routing Based on Tree Shape
In a sense, the problem of LEDs brightness balancing resembles that of zero-skew clock routing that is well studied in the design of high-performance VLSI systems. The zero-skew clock routing problem occurs in synchronous VLSI design, where it is necessary to minimize the di erence in arrival times of the clock signal (or length) from a clock source to synchronous elements. In many approaches to achieve zero-skew clock distribution, such as [Chao et al. 1992; Ramanathan et al. 1989; Tsay 1993] , routing based on clock trees [Menezes et al. 1993 ] is one of the most common methods. However, this cannot be the solution to balance the LEDs brightness, because the adoption of routing approaches based on a tree shape requires routing on multiple layers. Although this requirement is easy to satisfy in traditional PCB or VLSI fabrication processes, it is not easy to obtain multiple-layer circuits using conductive ink. Approaches to produce exible double sided electronic circuits with conductive ink, as presented in [Andersson et al. 2014; Ta et al. 2015] , complicate the fabrication of LED-based applications. It is preferable to both route and balance LEDs brightness in a single layer. Furthermore, using tree-based routing makes it more di cult to optimize the amount of ink used to print the wiring patterns.
Routing in Rapid Prototyping of Electronic Circuits
To support designing with exible electronic circuits, Circuit Stickers proposed a tool to help users design with a variety of electronic components using either conductive tape or ink. Ellustrate [Lo et al. 2016] proposed another tool to guide users in the design, sketch, and fabrication of aesthetic electronics. However, these tools do not support auto-routing. PaperPulse [Ramakers et al. 2015 ] is another designing tool to help creating interactive applications using paper, electronic components, and conductive inkjet ink. Similar to Midas [Savage et al. 2012 ], a tool to design and fabricate capacitive touch sensors, PaperPulse uses A* search algorithms, such as Lee's algorithm [Lee 1961] , to route electronic nets. However, these tools ignore the resistance existing in conductive inkjet ink, which in many cases, severely a ects the functionality of an electronic circuit.
From another point of view, ConductAR proposed using a computer vision technique to analyze the resistance of drawn or printed conductive ink patterns. Based on this resistance analysis, it has a function to suggest the optimized trace width when the optimal current at a speci c point on the path is determined. However, ConductAR is an interactive and ad-hoc tool that is incapable of generating 2D paths to connect LEDs on demand.
PROBLEM FORMULATION AND SOLUTION
In order to evenly light up multiple LEDs, we need to assign resistances from the power source to each LED so that they receive the same amount of power. This resistance assignment is even more critical when the LEDs are connected in parallel. An imbalance in the resistance of each LED branch will not only cause uneven brightness but also will burn out the LEDs due to overcurrent. Existing auto-routers assume that the resistance of wiring patterns are negligible, and that to protect and balance brightness of multiple LEDs, we should use a ballast resistor for each LED. These assumptions do not hold for conductive ink, given its nonnegligible sheet resistance. In addition, when using conductive ink, we aim to avoid using ballast resistors as they increase the complexity of producing LED-based applications. In fact, the conductive printed traces should be used to act as the required ballast resistors. Consequently, by means of computational design, we can use the apparent disadvantage (i.e., high sheet resistance) of the conductive ink to our bene t by printing ballast resistors. This is extremely useful for unexperienced users as they will not need to select the ballast resistor values or connect any additional resistors for the LEDs.
It is possible to guarantee that all the LEDs evenly light up by connecting them in series to the power source. However, using this approach to a large number of LEDs, the required voltage for an LED-based application is enormous. For this reason, in our approach we connect all the LEDs in parallel with the power source and balance the brightness by adjusting the conductive traces resistance.
A naive approach to balance the LEDs brightness is to rectilinearly connect them in parallel to the power source and guarantee that the total resistance to each LED has the same value (as shown in Fig. 3 ). However, it is easy to see that this naive approach is not optimized in terms of either the ink consumption or the required routing space.
The problems our approach aims to solve are:
• Routing: nding a route which optimally connects all the LEDs to the power source. This route should be cross-less and, ideally, the shortest path through all the LEDs and the power source to reduce the conductive ink consumption.
• Brightness Balancing: guaranteeing that all the LEDs will have the same brightness by adjusting the conductive traces resistance. We will address these problems respectively in the following two subsections. The general ow of our routing algorithm is shown in Fig. 4 . For simplicity in coding, we assume that all the LEDs have the same dimension, color, forward voltage, and forward current.
Problem 1 -Routing
This problem addresses the inconvenience and di culty of manually wiring multiple LEDs.
Problem statement: For a group of n LEDs (L i , i = 1, 2, ..., n), and the two poles of a power source (L 0 , L n+1 respectively denoting anode and cathode), nd a route that connects the anode and cathode terminals of every L i to the power source pads L 0 and L n+1 , respectively, and at the same time, reduces ink consumption. To reduce ink consumption, we need to nd the shortest path to connect all the LEDs to the power source. To achieve this, it is possible to recursively use some A* search algorithm. However, this algorithm can nd the shortest path between two vertices, not the shortest path through all the LEDs. Theoretically, the Minimum Steiner Tree is the best solution to connect multiple vertices obtaining the minimal total length [Bern and Graham 1989] . Nevertheless, because we have to route the anode and cathode nets separately, it is unfeasible to use the Minimum Steiner Tree for both nets in a single-layer circuit. Thus, to address the routing problem above, we propose to route all the LEDs by solving the corresponding Euclidean-metric TSP, where the start and end points are xed to L 0 (anode pad of the power source) and L n+1 (cathode pad of the power source), respectively (Fig. 4b) . The router starts at L 0 , nds a TSP route through all LEDs L i and ends the route at L n+1 . The distance between L 0 and L n+1 is ignored when the path length is calculated. As Euclidean-metric TSP is an NP-Complete problem [Papadimitriou 1977 ], a polynomial time solution is unknown. Therefore, we can only approximate the optimal path for the problem. There are several commonly used methods to solve the TSP such as the Christo des' algorithm [Christo des 1976] , simulated annealing algorithm [Geng et al. 2011] and genetic algorithms(GAs) [Grefenstette et al. 1985] . For simplicity in the implementation and exibility in evaluating the best route, we use a GA to approximate the shortest path through all the LEDs.
In the GA used to solve the TSP, an individual is a tour candidate that goes from L 0 , through all L i=1,2, ... ,n , to L n+1 . Each individual is represented (encoded) by the array shown in Fig. 5 . This representation is convenient for our case, where the start and end points are xed. Our GA will try to nd the order of the L i=1,2, ...,n to achieve the shortest path. For each generation, we have a population 
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Figure 5: Genetic encoding Figure 6 : Equivalent circuit of multiple LEDs routed consisting of 50 individuals. In order to evolve from one generation to the next, we implemented the corresponding selection, mutation, and crossover processes. The tness of each individual is the reciprocal of the total length of its corresponding tour [Paul 2005] . Thus, an individual with higher tness is better. At each generation, we run selection, mutation, and crossover, and then extract the ttest individual (tour) from the population. Our TSP solver will stop when either no better individual is generated during 100 consecutive generations or the total number of generations reaches 10,000. Although not implemented in this paper, these parameters might be accordingly adjusted depending on the number of LEDs. The detailed parameters setting for our GA implementation is given in Table 1 . Because the GA might provide a crossing path that is by no means the optimal TSP path, we iteratively apply the 2-opt [Potvin 1996 ] heuristic to eliminate any crossing edges. The nal routing step is to add conductive patterns along the TSP path (Fig. 4b) to route the LEDs terminals to the power pads so that they are connected, as shown in Fig. 4c. 
Problem 2 -Brightness Balancing
In order to evenly light up multiple LEDs, the currents that ow through each LED should be same. This can be achieved by adjusting the resistance from the power source to each LED. An electronic circuit routed by our TSP router has the equivalent circuit as shown in Fig. 6 . As mentioned above, all the LEDs share the same characteristics. In this circuit, the current owing through each LED has the same magnitude I F , which is the nominal forward current of every LED. Corresponding to this current, the voltage drop on each LED is V F . Based on the equivalent circuit, the brightness balancing problem can be re-stated as follows:
Problem statement: Given n LEDs that are connected to a V 0 power source as shown in Fig. 6 , determine all the resistances R i , i = 0, 1, 2, ..., 2n − 1 so that the current through each LED is equal to I F .
Solution: This problem can be solved by applying the nodal equation method on the equivalent circuit. In order to balance the currents through the LEDs (i.e., I i = I F , i = 1, 2, . . . , n), the resistances must satisfy the following two equations:
There are many solutions of R i that satisfy these two equations. In our implementation, we assume that R i = R 2n−1−i where i = 0, 1, 2, . . . , n − 1. With a speci c source voltage V 0 chosen by the user, the values of all the R i are determined and easily calculated.
Generate conductive pattern having the required resistance: Based on the results above, we can generate a printing pattern to satisfy these resistance constraints. The conductivity of conductive ink is characterized by its sheet resistance R s . The resistance between the two ends of an l × w strip is calculated as R = R s l w . In our routing problem, because the size of an LED is small, l can be approximated as the distance between two connected LEDs, R is the resistance required between these LEDs, and R s is a known value that depends on the conductive ink. Thus, we can easily derive the width of the conductive pattern that connects these two LEDs. Outcomes of the routing algorithm are shown in Fig. 1a, Fig. 4d, and Fig. 11a .
IMPLEMENTATION
The implementation of the above solutions is included as an extension for Adobe Illustrator 1 .
1 Source code can be found in this repository: https://github.com/tatung/LightTrace
Adobe Illustrator Extension
Adobe Illustrator is commonly used by designers to create artwork. In order to avoid forcing the user to learn a completely new tool, we have integrated our auto-router into Adobe Illustrator. Both the LED shape and power source pads are available and integrated into the software toolbox. After placing the LEDs over the artboard, the user can automatically route these LEDs and the power source by running our routing script. A route layout will be generated on top of the artboard. This layout should be printed with conductive ink (Fig. 7) .
LED Rotation
In the section about routing, we assume that each LED and power source pad are represented by points on a 2D plane. This simplies the implementation of the TSP solver. However, when routing the LEDs anode and cathode to the corresponding poles of the power source, we need to consider the LEDs speci c dimension. As shown in Fig. 6 , we have two branches in the circuit (i.e., the anode branch composed of R i=0,1, ...,n−1 and the cathode branch composed of R i=n,n+1, ...,2n−1 ) that connect the LEDs to the power source. These two branches must not overlap during the routing process. We achieve this by rotating each LED around its center to an appropriate angle. Let three LEDs be connected by the TSP routing as shown in Fig. 8a . We de ne the axis of an LED as the vector from its anode to its cathode. Then, TSP angle θ of the LED is the angle formed by the two edges of the TSP route that connect the LED. We rotate each LED so that its axis is parallel to the bisector line of the TSP angle θ as shown in Fig. 8b . The axis direction of an LED, which de nes the position of its anode and cathode, is selected so that the anode branch does not cross the cathode branch (Fig. 8c) . 
Solving the Excessively Narrow Conductive Trace Problem
Depending on the distance and resistance between two LEDs, the width of the conductive pattern that connects these LEDs need to be adjusted. However, there are many cases where the conductive pattern is excessively narrow. In addition, depending on the type of conductive ink and printing technology used, the minimum tolerable width W threshold varies. Consequently, a conductive pattern having width w < W threshold presents a very high resistance or is not conductive at all. In these cases, we need to appropriately increase the width and length of the conductive pattern so that its resistance does not change. LightTrace achieves this by replacing excessively narrow conductive strips with equivalent meander lines as shown in Fig. 9 . A meander line is de ned by the following parameters:
• l m : distance between the two ends of the line • w m : line width • N : number of pulses • G : pulse width • S : space between two consecutive pulses • H : pulse height
We de ne the equivalent meander line of an l × w conductive strip with resistance R as a meander line that preserves distance l and resistance R between the two ends of the line. In other words, it satis es the following relations:
Among the meander line parameters, space S between two consecutive pulses has a lower bound S threshold that depends on the conductive ink and printing technology used. Thus, setting S < S threshold would cause an electrical short-circuit between the edges of two consecutive pulses. This will reduce the resistance between two arbitrary points on these pulses that consequently leads to an incorrect value of the nal resistance. Therefore, we need to guarantee that S ≥ S threshold .
Assume that we need to convert an l × w strip pattern (w < W threshold ) to its equivalent meander line with width w m ≥ W threshold . Because w m > w, in order to make R m = R, we need to increase the length between the two ends of the line. This length can be controlled by selecting appropriate values for number of pulses N , pulse width G, space between two consecutive pulses S, and pulse height H .
In our implementation, for simplicity and compactness of the equivalent meander line, we consider w m < H < H threshold and S = G. From these two assumptions and Equations (1), (2), and (3), we have the formulas to obtain the parameters of the equivalent meander line as follows: Fig. 10 shows the printing of an equivalent meander line in the routing to obtain the desired resistances.
EXPERIMENTS
Settings for all the experiments in this section are listed in Table 2 . Epson PX-S160T Sheet Resistance R s 0.13 Ω/ (ohm-per-square)
Brightness Balance Evaluation
In order to test our Adobe Illustrator plug-in to provide even brightness for multiple LEDs, we placed 22 red LEDs to form the text "AB", and then connected them using printed conductive inkjet ink as shown in Fig. 11 . The conductive pattern in Fig. 11a was generated using our proposed LightTrace, whereas the pattern in Fig. 11b was generated using the auto-router in Eagle with trace width and clearance set to 1 mm. Both circuits are powered by a The voltage drop on each LED was measured using a digital tester (Hozan DT-124 [Hozan 2017]) . In order to obtain the value of the current owing through an LED at a speci c voltage drop, we measured the current through that LED for di erent voltage drop values in the range of 0.3 V ∼ 2 V (with 1 mV steps) using a source meter (Keithley 2450 [KEITHLEY 2017]) .
As shown in Fig. 12 and Fig. 13 , LightTrace provides a much better balance of voltage drop on each LED. All the voltage drop values remain stable and are larger than the minimum required voltage (i.e., above the red line in Fig. 12 ) to light up the LEDs. On the other hand, for the pattern generated using Eagle, the voltage drop values on the LEDs present notable uctuations. Most of these values are not high enough to light up the LEDs (i.e., lower than the red line in Fig. 13 ). This results in uneven brightness of the LEDs as shown in Fig. 11b . Using LightTrace, voltage drop and current owing through each LED, as seen in Fig. 12 , are not only large enough to light up the LEDs but also have smaller standard deviation, resulting in better brightness balance of the LEDs as shown in Fig. 11a .
TSP Routing Time Performance
In order to evaluate the time performance of our routing algorithm, we ran it considering di erent number of LEDs and measured the Table 3 . The experiment results in Fig. 14 shows that our TSP routing algorithm can route up to 60 LEDs in a convenient timeframe using a commodity laptop running Intel Core i5 at 2.7 GHz. However, it might be di cult to route a larger number of LEDs. The most timeconsuming process is to nd the TSP route through all the LEDs. This can be improved by applying optimization techniques for TSP solvers such as dynamic programming, heuristic ne-tuning, or Christo des' algorithm [Christo des 1976] .
Ink Consumption
In this section, we evaluate the amount of ink needed to route multiple LEDs based on the area of the conductive pattern. To the best of our knowledge, we could not nd any auto-router that is capable of routing and balancing brightness of multiple LEDs. The experiment on this section was conducted using our TSP router only, for di erent number of LEDs. Multiple LEDs are randomly scattered using a uniform distribution on an A4-sized (210 mm × 297 mm) artboard. The power source is set to 20 V and 30 V before routing. Fig. 15 shows the ink consumption of the conductive patterns generated using LightTrace. As expected, routing more LEDs demands more ink. However, increasing the power source voltage helps to reduce the amount of ink needed. Reducing the pattern area implies higher resistance. In order to maintain the power constant, higher voltage should be provided to compensate the higher resistance e ect. In future versions of LightTrace, the automatic determination of V 0 will be available for the bene t of users.
APPLICATIONS 6.1 Electronic Artwork with Multiple LEDs
Using a large number of LEDs can help to create impressive lighting artwork. In many artworks, hundreds of LEDs might be required [Qi 2012] , and the routing for these LEDs is troublesome and errorprone. With LightTrace, user can rapidly route a lot of LEDs and then print the conductive pattern using a conductive ink inkjet printer (Fig. 16) . We can also use transparent PET lms to route di erent types of LEDs on di erent layers, hence providing the ability to mix multiple types of LEDs in a single artwork.
Characters and Emojis with LEDs and Conductive Ink
Characters and emojis are commonly used when designing interactive applications using LEDs. However, routing characters and Figure 18 : Lighting greeting card generator using a smartphone application sophisticated emojis is complicated and cumbersome even to an expert in electronic circuits. Using LightTrace, we are able to quickly route all characters in the alphabet table and some emojis such as smiley or frowning faces. Printed and powered characters and emoji examples can be seen in Fig. 1 and Fig. 17. 
Quickly Made Greeting Card
Initially, our algorithm is implemented and integrated into Adobe Illustrator so that designers feel familiar with the working environment. However, our algorithm can be also implemented on di erent environments that are friendlier to novice users. Thus, we propose a greeting card designing smartphone application (Fig. 18 ) in which users can take a photo of the scene that they want to be the cover of the greeting card. Then, as another feature of our application, the user can drag and drop multiple LEDs on top of the photo. Finally, our application automatically routes and generates the designing les that the user can directly send to the printer (color and conductive ink inkjet printer are required). After printing, everything is ready to be assembled (real LEDs attachment, back and cover glue, as seen in Fig. 18 ).
DISCUSSION AND FUTURE WORK
Our LightTrace plug-in can automatically generate a ready-to-print conductive pattern, which after being printed using conductive inkjet ink, guarantees that all LEDs are evenly lit up. This not only reduces the e ort of working with conductive inkjet ink but also helps users to focus more on the creative design. Not only LEDbased applications can bene t from LightTrace but other 2-terminal components with speci ed power consumption such as sensors, actuators and speakers can also be autorouted by our algorithm. Beside implementation in Adobe Illustrator, LightTrace can also be easily ported to other popular CAD systems such as Fritzing and KiCAD. However, LightTrace still faces some issues that need to be improved, including:
• Routing time: With a large number of LEDs (more than 100 LEDs), our auto-router consumes a lot of time. At this moment, this number is enough for most cases. However, in the case that a user would like to light up 1,000 LEDs or more to ll a whole wall or ceiling, a faster algorithm to solve the TSP is necessary. One solution is to apply better heuristics or dynamic programming to the TSP solver.
• Scalability Evaluation: Scalability of our auto-router must consider several parameters including the number of LEDs, voltage of the power source, sheet resistance of the conductive ink, total space that all LEDs occupy, and LEDs distribution.
• Multicolor LEDs: In this work, we focused on routing only one type of LED, hence considered the same dimension, color, and forward voltage and current. However, our autorouter can be extended to use multiple-color LEDs with di erent forward voltage and current. This can be achieved by solving the general nodal equations system for the circuit in Fig. 6 . • Power consumption optimization: As mention in the ink consumption section, the conductive pattern area, resistances, and power source voltage have a tight relationship. Based on this relationship, we can nd the adequate tradeo between resistance values and power source voltage required to drive multiple LEDs.
CONCLUSION
We proposed LightTrace as a designing tool for working with LEDs and conductive inkjet ink. This tool, implemented as an Adobe Illustrator extension, helps in reducing the e ort of the routing process and guarantees that a large number of LEDs will evenly light up. Besides the deep integration into Adobe Illustrator, our extension provides:
• A ready-to-go tool for arranging multiple LEDs • An auto-router using the TSP algorithm to nd the shortest cross-less path to connect multiple LEDs on a single-layer sheet of paper • A mechanism to adjust the width of the conductive patterns for controlling the resistance to each LED, hence allowing to control the brightness of each LED without requiring additional resistors. In this research, we aim to help designers who have limited experience working with electronic circuits, to easily make interactive applications with LEDs and conductive inkjet ink. LightTrace allows designers to avoid working on complicated electronic circuits and lets them focus on creative designing.
